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Summary
X inactivation is controlled by Xist and its antisense
gene, Tsix, neither of which encodes a protein. Xist
is essential for X inactivation to occur in cis, and its
differential expression is a key event in the initiation
of X inactivation. Xist and Tsix are imprinted in the
extraembryonic tissues of mouse embryos so that
they are expressed from the paternal and maternal X,
respectively, resulting in the preferential inactivation
of the paternal X. Targeted disruption of Tsix causes
ectopic expression of Xist, suggesting that Tsix nega-
tively regulates Xist in cis. However, the molecular
mechanism of this antisense regulation remains un-
known. Here, we demonstrate that Tsix transcription-
ally silences Xist in both embryonic and extraembry-
onic tissues of mouse embryos. Moreover, we show
that disruption of Tsix impairs establishment of re-
pressive epigenetic modifications and chromatin
structure at the Xist locus. We propose that Tsix si-
lences Xist through modification of the chromatin
structure.
Introduction
In mammals, females contain twice as many copies of
genes on the X chromosome as do males and have
evolved a mechanism to equalize the dosage of
X-linked gene products by inactivating one of the two
X chromosomes (Lyon, 1961). Although the choice of
the X chromosome to be inactivated is basically ran-
dom in the epiblast lineage, which gives rise to the
embryo proper (random X inactivation), the paternally
derived X chromosome is preferentially inactivated in
the extraembryonic lineages that eventually form the
placenta and a part of the extraembryonic membranes
(imprinted X inactivation) (Takagi and Sasaki, 1975).
It is known that X inactivation is controlled by a cis
regulatory region on the X chromosome called the X*Correspondence: tsado@lab.nig.ac.jpchromosome inactivation center (Xic). It has been pro-
posed that Xic mediates various processes of X inacti-
vation, that is, counting the number of X chromosomes
in a cell, choosing which X chromosome is to be inacti-
vated, initiating chromosomal inactivation, and spread-
ing the inactivated state along the chromosome (Avner
and Heard, 2001). Although the molecular nature of the
Xic is largely unknown, the noncoding Xist (X-inactive
specific transcript) gene mapped in the Xic plays a piv-
otal role in X inactivation (Borsani et al., 1991; Brock-
dorff et al., 1991; Brown et al., 1991). Xist RNA is ex-
pressed from one of the two X chromosomes and
causes chromosomal inactivation by associating with
almost all regions of the chromosome in cis (Clemson
et al., 1996). Differential induction of Xist is, therefore,
a key event at the onset of X inactivation. The antisense
gene Tsix, which does not encode a protein either, cov-
ers the entire transcription unit of Xist (Lee et al., 1999;
Sado et al., 2001). Xist and Tsix are reciprocally im-
printed in the extraembryonic lineages of mouse em-
bryos to be expressed from the paternally and mater-
nally inherited X chromosome, respectively, underlying
imprinted inactivation of the paternal X in these particu-
lar lineages. Targeted disruption of Xist has revealed
its essential role in the initiation of X inactivation in cis
(Marahrens et al., 1997; Penny et al., 1996). Paternal
transmission of the Xist-deficient X results in embryonic
lethality soon after implantation because of the failure
of imprinted X inactivation in the extraembryonic tis-
sues. In contrast, targeted deletion of Tsix without im-
pairment of the structure of the Xist gene causes ec-
topic expression of Xist in cis in the extraembryonic
tissues upon maternal transmission (Lee, 2000; Sado et
al., 2001). Subsequent inactivation of the maternal Tsix-
deficient X eventually leads to embryonic death be-
cause of functional nullisomy for the X chromosome in
both sexes (Lee, 2000; Sado et al., 2001). Termination
of the Tsix transcription without deleting any genomic
element further confirmed that loss of Tsix transcription
or RNA is indeed responsible for the observed effect of
Tsix mutation (Luikenhuis et al., 2001). Tsix, therefore,
appears to be a negative regulator of Xist in a cis-lim-
ited manner. It is likely that Xist and Tsix are responsible
for many aspects of the molecular functions of the Xic.
Although several transcriptional and posttranscrip-
tional models have been proposed (Brown and Chow,
2003; Ogawa and Lee, 2002), the molecular mechanism
of how Tsix regulates Xist expression remains unknown.
Using gene-targeting technology, we explored the mech-
anism of the antisense regulation at the Xist locus in
mouse embryos. Because Tsix disruption, when mater-
nally inherited, results in early postimplantation lethality
from ectopic inactivation of the maternal X in the extra-
embryonic tissues, it has been difficult to examine the
effect of Tsix disruption on transcriptional regulation of
Xist in mouse embryos. To circumvent this problem, we
disrupted the Xist gene on the Tsix-deficient X, leaving
the endogenous Xist promoter intact. Even if the Xist
locus is ectopically activated on the maternal X defi-
cient for both Tsix and Xist, because a functional Xist
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athat the maternally derived double-deficient X would
not undergo inactivation, and the embryos would sur- i
ivive. In this study, we took advantage of these embryos
to investigate the effect of Tsix disruption on chromatin p
cat the Xist locus.
o
tResults and Discussion
v
Embryonic Lethality Caused by Maternally Derived
Tsix-deficient X Is Rescued by Disruption T
Tof the Xist Gene in cis
Tsix deficiency, when inherited from mother, induces o
sXist expression in cis in the extraembryonic tissues
(Lee, 2000; Sado et al., 2001). Subsequent inactivation e
mof the maternal X leads to functional nullisomy for the
X chromosome in both sexes and eventual embryonic f
pdeath at an early postimplantation stage. We expected,
however, that the embryo would survive if functional T
mXist RNA was not produced from the maternally derived
Tsix-deficient X chromosome (XTsix). Accordingly, we w
tattempted to create mice harboring an Xist disruption
(Xist1lox, in which a part of exon1 was replaced by a y
Ipromoterless IRES-EGFP cassette) on XTsix (X carrying
both mutations is abbreviated as Xdc hereafter) (see Ex- u
tperimental Procedures and Figure S1 available with this
article online for details). Female embryos that inherited (
mXdc from the father (XXdc, where the maternal X pre-
cedes the paternal X) died soon after implantation, like o
SXist knockout mice (Marahrens et al., 1997), because of
the failure of imprinted X inactivation in the extraembry- e
yonic tissues (data not shown). XdcX females crossed
with wild-type males, on the other hand, gave birth to a
lhealthy XdcX and XdcY pups (Table S1), indicating that
in contrast to XTsix, Xdc did not undergo aberrant X T
yinactivation upon maternal transmission.
c
eThe Xist Locus Is Ectopically Activated on Xdc
hWe went on to study whether Xist1lox was ectopically
cactivated on Xdc upon maternal transmission, like intact
tXist on XTsix (Lee, 2000; Sado et al., 2001). The pres-
cence of the IRES-EGFP-cassette knocked-in exon1
i(Figure 1A) allowed us to assess allelic expression at
Xthe Xist locus. At embryonic day 13.5 (E13.5), the tran-
fscriptional activity of the Xist locus was examined by
tRT-PCR in the embryo proper and yolk sac mesoderm,
pboth of which belong to the embryonic lineage, and
also in the visceral endoderm, which is a derivative of
the extraembryonic lineage. As shown in Figure 1A, Xist C
aRNA and chimeric RNA derived from the intact allele
and Xist1lox, respectively, were both detected in all tis- T
ssues of XdcX females, demonstrating ectopic activation
of Xist1lox on the active Xdc. This was also the case in h
tXdcY males. We then performed Northern blotting to
characterize the chimeric RNA produced from Xdc in o
ithese embryos. In addition to Xist RNA expressed from
the inactive wild-type X in females, a probe specific for b
EXist (pR97E1) (Sado et al., 1996) detected multiple
bands in XdcX and XdcY, which were also identified by t
athe EGFP probe (Figure 1B). It has been demonstrated
that transcription of Xist is initiated from multiple sites i
v(Johnston et al., 1998). The 4.5 kb band (indicated by
an asterisk) seemed to represent the transcript from the f1 promoter. The major 2.8 kb band (indicated by an
rrowhead) apparently corresponded to the transcript
nitiated from the P2 promoter, which is mainly used
n somatic cells (Johnston et al., 1998). Therefore, the
romoter usage of Xist1lox on Xdc, even when ectopi-
ally activated, is identical with that of the intact locus
n the inactive X chromosome. These results indicate
hat either transcription of Tsix or its RNA product pre-
ents upregulation of Xist RNA.
he Xist Locus Becomes Hypomethylated on Xdc
he promoter of the transcriptionally silent Xist allele
n the active X is highly methylated, whereas the tran-
criptionally active one on the inactive X is not (Norris
t al., 1994). We recently showed that although such
ethylation is not the primary mechanism for the dif-
erential induction of Xist, it is crucial for the stable re-
ression of the inactive Xist allele (Sado et al., 2004).
he methylation status of CpG sites at the Xist pro-
oter on the maternal Xdc and the paternal wild-type X
as examined by Southern hybridization with methyla-
ion-sensitive restriction enzymes in the embryo proper,
olk sac mesoderm, and visceral endoderm at E13.5.
n wild-type females, the presence of methylated and
nmethylated bands indicated the differential methyla-
ion between the active and the inactive X in all tissues
Figure 2B). Intriguingly, the promoter region was hypo-
ethylated not only on the inactive wild-type X but also
n the active Xdc in XdcX female embryos (Figure 2B).
imilarly, methylation was incomplete on Xdc in male
mbryos (Figure 2C). Although the extent of hypometh-
lation at the Xist promoter appeared somewhat vari-
ble among embryos, the reduction of CpG methylation
evels was unanimously observed on Xdc in both sexes.
o exclude the possibility that the observed hypometh-
lation was a secondary effect because of the EGFP
assette we introduced at the Xist locus, we analyzed
mbryos carrying Xist1lox with no Tsix disruption, which
ad been generated in parallel. Strand-specific RT-PCR
onfirmed that in contrast to the Xist1lox allele on Xdc,
he Xist locus was not ectopically activated on the X
hromosome carrying intact Tsix (Figure 1C). As shown
n Figures 2D and 2E, the methylation patterns in
ist1lox/+ and Xist1lox/Y embryos were indistinguishable
rom those in wild-type females and males, respec-
ively. These results indicate that Tsix disruption com-
romises CpG methylation at the Xist promoter in cis.
losed Chromatin Structure Is Not Established
t the Xist Locus on Xdc
o evaluate the impact of Tsix deficiency on chromatin
tructure at the Xist locus, we performed a DNase-I-
ypersensitive site assay. Several DNase-I-hypersensi-
ive sites have been identified in the upstream region
f Xist (Sheardown et al., 1997): HS1 is specific to the
nactive X in somatic cells, whereas HS3 is common to
oth active and inactive X. Embryos were obtained at
13.5 from crosses between XdcX females and wild-
ype males. HindIII digestion allowed us to identify the
llele from which each hypersensitive site was derived
n female embryos (Figure 3A). In addition to the pre-
iously identified DNase-I-hypersensitive sites, we
ound another one (HS5) located in the vicinity of the
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161Figure 1. Ectopic Activation of Xist on Xdc
(A) The activity of the Xist locus on Xdc was examined by RT-PCR. The structure of the targeted Xist locus on XDTsix is shown. Expression of
the chimeric RNA from Xdc was analyzed in the embryo proper (emb), yolk sac mesoderm (ysm), and visceral endoderm (ve) at E13.5.
Expression of the chimeric RNA (top) and intact Xist (middle) was examined with primers Xist2281F/IVSR and Xist2281F/Xist2688R, respec-
tively. The reaction of cDNA synthesis was carried out in the presence (+) or absence (−) of reverse transcriptase (RT).
(B) RNA isolated from the embryo proper at E13.5 was analyzed by Northern blotting with the probe shown below each panel. Positions of
the probes specific for Xist (pR97E1) and EGFP are shown in (A). The asterisk and arrowhead indicate the transcripts initiated from the P1
and P2 promoter, respectively. The presence of a smear in the high molecular weight region in the XdcX and XdcY lanes may represent some
read through beyond the polyA signal located 3# to EGFP.
(C) Strand-specific RT-PCR was carried out on RNA from the embryo proper (embryonic) and visceral endoderm (extraembryonic) of male
embryos at E13.5. Structure of the Xist1lox allele on X with intact Tsix and relative positions of the primers used for cDNA synthesis (gray) and
those used for PCR (black) are shown. The Xist1lox allele was activated in XdcY but properly silenced in Xist1lox/Y. Antisense transcripts were
barely detected in XY and Xist1lox/Y embryos, consistent with the fact that Tsix becomes downregulated after differentiation (Lee et al., 1999).
The presence of antisense transcription at the Xist1lox allele on the X with an intact Tsix was confirmed in the targeted ES cells (data
not shown).P2 promoter. The assay on Xist1lox/+ females, where X
inactivation was biased in favor of the wild-type X, dem-
onstrated that HS5 was specific to the inactive X as it
was exclusively derived from the wild-type allele (Figure
3A). Intriguingly, in XdcX embryos, both HS1 and HS5
appeared on Xdc despite the fact that Xdc stayed active
in every cell (Figure 3A). In contrast, they were not ob-
served on the mutated active X in Xist1lox/+ female em-
bryos (Figure 3A). Similarly, the presence of HS1 and
HS5 on the single active Xdc was evident in XdcY em-
bryos but not in wild-type and Xist1lox/Y embryos (Fig-
ure 3B). These results suggest a role for Tsix in the es-
tablishment of a closed chromatin structure at the Xist
locus on the active X.
The Xist Locus Possesses Transcriptionally
Competent Chromatin on Xdc
The results described above prompted us to examine
histone modifications at the Xist locus. Because the
chromatin structure at the Xist locus on the maternalXdc was similarly affected in both sexes, we took ad-
vantage of embryonic fibroblasts (MEFs) derived from
E13.5 male embryos carrying Xdc as a source of chro-
matin for chromatin immunoprecipitation (ChIP) assays
(Figure 3C). These MEFs derived from XdcY embryos
retained substantially the same aberrations in Xist ex-
pression, CpG methylation, and chromatin structure
(Figure S2) as those described above. In XY and
Xist1lox/Y male MEFs, histone H3 dimethylated at lysine
4 (H3-2meK4) was under represented in three of the
four regions analyzed (regions b, c, and d) (Figure 3C),
consistent with the previous studies showing that tran-
scriptionally inactive regions are devoid of H3-2meK4
(Litt et al., 2001; Noma et al., 2001). In contrast, H3-
2meK4 was highly enriched in these regions on Xdc
(Figure 3C). Furthermore, acetylated histone H4, which
is often associated with transcriptionally active regions,
was also present on Xdc but not on X carrying an intact
Tsix. In contrast to these modifications representative
of active chromatin, levels of histone H3 trimethylated
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162Figure 2. Analysis of Methylation Levels at CpG Sites in the 5# Region of Xist
(A) Diagram of the promoter region of Xist, showing relevant restriction enzyme sites and position of the probe used in this assay. Abbrevi-
ations: B, BclI; H, HhaI; and S, SacII. H* indicates two close HhaI sites. Digestion with BclI released an 8.3 kb and a 6.7 kb fragment from the
wild-type and the mutated allele, respectively.
(B–E) Methylation levels were markedly reduced at the Xist promoter on the active Xdc in female (B) and male (C) embryos at E13.5. It is worth
mentioning that the visceral endoderm showed lower levels of CpG methylation than the embryo proper and yolk sac mesoderm. The same
analysis was carried out with Xist1lox/+ female (D) and Xist1lox/Y male (E) embryos. The promoter region of the Xist1lox allele in these embryos
was methylated at levels comparable to the one on the active X in wild-type embryos.at lysine 27 (H3-3meK27) and perhaps the one dimethy- a
tlated at lysine 27 were relatively low in these regions in
XdcY as compared to those in XY and Xist1lox/Y (Figure t
r3C), suggesting that repressive chromatin modifica-
tions were not properly established at the Xist locus on n
Xdc. Distribution of histone H3 trimethylated at lysine 9 s
(H3-3meK9) was not affected on Xdc (Figure S3). At the t
actively transcribed Pgk1 locus on the respective X r
chromosomes in these MEFs, although enrichment of a
H3-2meK4 and acetylated histone H4 was evident, H3- t
2/3meK27 was totally excluded from the region ana- a
lyzed, validating the accuracy of our ChIP assay (Figure t
3C). These results indicate that the Xist locus on Xdc
possesses transcriptionally competent chromatin. s
p
aConcluding Remarks
In this study, we showed that the Xist promoter on the a
active Xdc exhibits characteristics of active chromatins if it were on the inactive X. In other words, the func-
ional deficiency of Tsix appears to compromise the es-
ablishment of repressive chromatin at the Xist locus,
esulting in ectopic activation of Xist. It should be
oted, however, that CpG methyation appeared more
ignificantly affected in the visceral endoderm than in
he embryo proper and yolk sac mesoderm. Given the
esidual levels of CpG methylation and H3-2/3meK27
t the Xist locus on Xdc in the embryonic tissues, it is
empting to speculate that these tissues possess an
lternative less-efficient mechanism that introduces
hese modifications in a Tsix-independent manner.
Our study suggests that in the absence of Tsix, tran-
criptional activators and/or chromatin-modifying com-
lexes that induce an open chromatin structure have
ccess to the Xist promoter and make it transcription-
lly active or competent (Figure 4A). We propose that
Tsix silences Xist in cis by modulating the epigenetic
Epigenetic Regulation of Xist by Tsix
163Figure 3. DNase-I-hypersensitive Assay at the Xist Promoter on Xdc at E13.5
Diagrams illustrate the positions of DNase-I-hypersensitive sites (HS1, HS3, and HS5) identified in this assay on the respective X chromo-
somes. HindIII sites are shown as H. HindIII digestion yielded an 8.7 kb and a 5.1 kb fragment derived from wild-type and mutated X,
respectively, in both females (A) and males (B). Each hypersensitive site and its origin are shown on the right. A hypersensitive site common
to both the active and inactive X is shown in gray, whereas the hypersensitive sites specific to the inactive X are shown in black. The presence
of inactive X-specific HS1 and HS5 was evident on the active Xdc in both sexes. (C) ChIP assay at the 5# region of Xist on Xdc. Schematic
diagram of the regions amplified by PCR (a-d) in the ChIP assay (top). The 5# region of the control Pgk1 locus was also examined. αAcH4,
antibody against acetylated isoform of histone H4; α2meK4, antibody against histone H3 dimethylated at lysine 4; α3meK27, antibody against
histone H3 trimethyated at lysine 27. Mock is a control experiment with normal rabbit serum instead of specific antibodies. Primer sets were
as follows: a, P0-PstF/P0-RIR; b, Xist(-540)F/8692R; c, Xist21F/Xist351R; d, Xist1175F/Xist1554R; Pgk1; H7FPgk/H7RPgk.(Figure 4B). This may share some features with the tran-
Figure 4. Models for Antisense Regulation of Xist by Tsix
(A) Functional deficiency of Tsix causes ectopic activation of Xist.
Transcriptional activators and/or factors involved in active chroma-
tin formation have access to the Xist promoter on the Tsix-deficient
X because of the failure to establish inactive chromatin at the 5#
region of Xist.
(B) Tsix RNA or the action of antisense transcription prevents the
access of transcriptional activators and/or chromatin-modifying
enzymes that allow the formation of active chromatin. It is also
possible that Tsix RNA recruits an Eed-Ezh2 complex, which medi-
ates trimethylation at lysine 27 of histone H3, to the 5#region of Xist
and induces formation of inactive chromatin in combination with
DNA methyltransferases and other chromatin-modifying activities.
These two events are not necessarily mutually exclusive, and thestatus at the Xist locus. Tsix RNA or its transcription
precludes access of such factors to the Xist promoterorder and mechanisms of recruitment of such activities remain to
be elucidated.scriptional interference mechanism recently postulated
at the SER3 locus in Saccharomyces cerevisiae (Mar-
tens et al., 2004). Transcription of SRG1 across the
SER3 promoter, although it occurs in the same direction
as SER3, interferes with the binding of activators to the
SER3 gene. In addition, Tsix RNA may somehow asso-
ciate with the Xist promoter region and recruit a fac-
tor(s) such as the PcG members to induce repressive
chromatin structure via histone modifications and DNA
methylation. This model predicts that the RNA product
rather than antisense transcription is important. Similar
models have been proposed for imprinting on distal
chromosome 7 in mouse (Lewis et al., 2004; Umlauf et
al., 2004). In the human α-globin locus, antisense RNA
transcription caused by read through of a 3# gene,
LUC7L, is associated with changes in epigenetic fea-
tures in cis, resulting in ectopic silencing of the gene
(Tufarelli et al., 2003). It appears that in the present
case, antisense RNA transcription plays a similar role
to that in the models proposed here. Because the effect
of Tsix deficiency on the Xist locus is exerted only in
cis, the RNAi-related mechanism seen in the hetero-
chromatin formation in Schizosaccharomyces pombe
(Hall et al., 2002) would not be applicable to Tsix-medi-
ated Xist repression. Further study will be required to
elucidate the detailed mechanism of the effects of Tsix
at the Xist locus.
Experimental Procedures
Targeted Disruption of Xist
The targeting vector was constructed as follows. A 4.4 kb genomic
EcoRI fragment containing the Xist transcription start site (P1) and
a 6.5 kb genomic XbaI fragment spanning exon2 through a part of
exon7 of Xist were cloned at the respective cloning sites in pBlue-
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164scriptII-SK(+) in an appropriate direction. An SA-IRES-EGFP frag- a
wment (a gift from En Li) and a floxed puromycin resistance gene
driven by the Pgk promoter were introduced between the EcoRI (
and XbaI fragments as shown in Figure S1A. A diphtheria toxin A
fragment driven by the Pgk promoter was also placed outside of C
the 4.4 kb EcoRI fragment to minimize the number of colonies with E
random integration of the targeting vector. The targeting vector g
thus produced was introduced into Tsix-deficient ES cells (#6) t
(Sado et al., 2001) by electroporation with Gene Pulser (250 V, 250 c
F). Selection was started 24 hr later in the presence of 2 g/mL 8
puromycin. Out of 96 colonies picked up, ten harbored the ex- [
pected homologous recombination (Xist2lox) (Figure S1B). Chimeric t
males were produced by injecting ES cells carrying Xist2lox on the (
Tsix-deficient X (Xdc-2lox) into blastocysts obtained from BDF1 fe- s
males crossed with B6 males. Based on previous studies (Marah- s
rens et al., 1997; Penny et al., 1996), it was expected that paternal f
transmission of Xdc-2lox would compromise female development s
because of the failure of imprinted X inactivation in the extraembry- a
onic tissues. We assumed, however, that the paternal Xdc-2lox could 1
be rescued by the presence of a maternal XDTsix (Sado et al., 2001), 0
and, therefore, chimeric males were crossed with females hetero- L
zygous for XDTsix. As a result, Xdc-2lox was successfully transmitted [
from the chimeras to female offspring only when they possessed a f
maternal XDTsix. Females thus generated (XDTsixXdc-2lox) were n
crossed with CAG-cre transgenic males to remove the puromycin i
resistance gene and derive XdcX and XdcY animals for further a
crosses (Figure S1D). Mice carrying Xist1lox with no Tsix disruption (
were created in exactly the same manner except that wild-type R1
ES cells instead of #6 were used for targeting (Figures S1C and P
S1E). Successful homologous recombination was confirmed in 14 T
of 96 colonies isolated. b
RT-PCR and Northern Blot Analyses S
The yolk sac mesoderm and visceral endoderm were separated S
faccording to Dandolo et al. (Dandolo et al., 1993). RNA was pre-
cpared from the embryo proper, yolk sac mesoderm, and visceral
endoderm at E13.5 with RNAeasy (Qiagen). cDNA was synthesized
Aby random priming on 1 g of RNA with SuperscriptII (Invitrogen)
at 42°C, and PCR was carried out on 1/50 of the cDNA generated
Wwith the respective primer sets. For Northern analysis, 20 g of
ntotal RNA was electrophoresed on a 1% agarose gel containing
gformaldehyde, blotted onto a nylon membrane, and serially probed
nwith pR97E1 (Sado et al., 1996), EGFP, and Gapd. For strand-spe-
cific RT-PCR, cDNA was synthesized with 1 g of total RNA by
using 1910J (Tsix-specific), Xist7(−)20 (Xist-specific), and GapdR R
(Gapd-specific) primers with Thermoscript (Invitrogen) at 56°C, and R
PCR was carried out on 1/25 of the cDNA for 28 cycles with A
R371P1 and Xist6(-)20 for amplification of Xist, 1063AS and P700R2 P
for Tsix, and GapdF and GapdR2 for Gapd. The reaction conditions
for all RT-PCRs were denaturation for 20 s at 94°C, annealing for R
30 s at 59°C, and polymerization for 45 s at 72°C.
A
Methylation Analysis i
Genomic DNA from the embryo proper, yolk sac mesoderm, and B
visceral endoderm at E13.5 was digested by BclI in combination C
with either methylation-sensitive SacII or HhaI, electrophoresed on (
a 1% agarose gel, blotted onto a nylon membrane and probed with a
an HS0.7 genomic fragment (Sado et al., 1996).
B
M
DNase-I-hypersensitive Assay (
E13.5 embryos were homogenized in nuclear buffer (60 mM KCl, 5 X
mM NaCl, 0.1 mM EGTA [pH 8.0], 0.5 mM DTT, 0.5 mM spermidine,
B
0.2 mM spermine, proteinase inhibitor complete [Amersham])/
s
0.3 M sucrose. The homogenate was overlaid on nuclear buffer/1.2
3
M sucrose and centrifuged at 8,000 × g for 20 min at 4°C. Crude
Bnuclei were resuspended in nuclear buffer/0.3 M sucrose/5% glyc-
Terol and stored at –80°C until use. Five aliquots of approximately
t2 × 106 nuclei in DNase I buffer (10 mM Tris-HCl [pH 8.1], 10 mM
iNaCl, 3 mM MgCl2, 1 mM CaCl2) were treated with serial dilutions
of DNase I for 10 min at 25°C. The reaction was terminated by C
(adding an equal volume of stop buffer (20 mM EDTA [pH 8.0], 1%
SDS, 0.5 mg/mL proteinase K) and incubating for 3 hr at 50°C. e
tPurified DNA was digested with HindIII, electrophoresed on a 0.7%garose gel, and blotted onto a nylon membrane. Hybridization
as performed with a 0.6 kb BamHI-EcoRI genomic fragment
BE0.6).
hromatin Immunoprecipitation
mbryonic fibroblasts derived from XdcY embryos at E13.5 were
rown on a 100-mm dish and then fixed by adding formaldehyde
o the culture medium at a final concentration of 1%. Collected
ells were resuspended in SDS-lysis buffer (50 mM Tris-HCL [pH
.0], 0.5 M EDTA [pH 8.0], 1% SDS, proteinase inhibitor complete
Roche]) and left on ice for 10 min. DNA was fragmented by sonica-
ion, and soluble chromatin was incubated in ChIP dilution buffer
50 mM Tris-HCl [pH 8.0], 167 mM NaCl, 1.1% Triton X-100, 0.11%
odium deoxycholate, proteinase inhibitor complete) with the re-
pective antibodies overnight at 4°C. An aliquot of each soluble
raction was kept as the input fraction. Protein A agarose/salmon
perm DNA slurry (Upstate) was added to the immunocomplex re-
ction and serially washed with 1× RIPA (50 mM Tris-HCl [pH 8.0],
50 mM NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% SDS,
.1% sodium deoxycholate)/150 mM NaCl, 1× RIPA/500 mM NaCl,
iCl wash buffer (10 mM Tris-HCl [pH 8.0], 0.25 M LiCl, 1 mM EDTA
pH 8.0], 0.5% NP-40, 0.5% sodium deoxycholate) once each and
inally with TE twice. Crosslinking was reversed by incubation over-
ight at 65°C, and purified DNA was subjected to PCR. The follow-
ng antibodies were used: anti-H3-2meK4, 07-212 (Upstate); anti-
cetyl-Histone H4, 06-598 (Upstate); anti-H3-3meK27, 07-449
Upstate); and anti-H3-3meK9, 07-442 (Upstate).
rimers
he sequence of each primer used in this study is shown in Ta-
le S2.
upplemental Data
upplemental Data include two tables and three figures and can be
ound with this article online at http://www.developmentalcell.com/
gi/content/full/9/1/159/DC1/.
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Note Added in Proof
This article contains some minor differences from the Immediate
Early Publication published online on June 2, 2005. The second
affiliation address has been corrected, and number signs have
been added before 6s in the paragraph titled “Targeted Disruption
of Xist.”
